patients with poor metabolic control [13] . Recently, Garcia-Duitama et al. [14] proposed a protocol to 48 insure reproducibility of backscatter ultrasound measurements of RBC aggregation and demonstrated 49 the need for controlling the venous flow to maintain a low shear rate condition.
50
In this study, we aimed at exploring different strategies that would be compatible with ultrasound 51 measurements in critical care units. Measures were repeated to evaluate the robustness of proposed 52 methods. Our hypothesis is that it is possible to acquire ultrasound data at the bedside using a bracelet 53 positioned over the vein of interest to control the flow, and an ultrasound device and a post-processing 54 computer algorithm to measure RBC aggregation based on the SFSAE model. 
Materials and methods

56
Outlines
57
For this pilot clinical evaluation, healthy volunteers were selected and measurements were repeated 58 to evaluate the intra-subject variability. A homemade bracelet to control the blood flow was designed 59 (Fig. 1) , and a computer platform to monitor measurements was developed. The monitoring system 60 allows a user to visualize the B-mode ultrasound image of the vein and to record radiofrequency 61 (RF) data. RF images are then processed using a particle image velocimetry algorithm to measure the 62 maximum blood velocity so as to provide feedback to the user for adjusting the pressure applied by 63 the bracelet over the vein to reduce the blood flow. Acquired RF data at a predetermined low shear rate 64 and under natural flow were used to measure RBC aggregate structural parameters with the SFSAE 65 algorithm. Measurements were performed on two vascular sites that would be accessible for patient 66 monitoring. 
Subject recruitment and protocol
68
After approval by the Ethics Committee of the Centre Hospitalier de l'Université de Montréal
69
(CHUM) and having obtained signed informed consents, fifty participants (25 men and 25 women) were enrolled in this pilot study. Men and women were aged 43.9 ± 19.4 and 46.7 ± 18.6 years old, 
Low shear rate acquisition procedure using the designed bracelet
84
As introduced earlier, a homemade pneumatic compression bracelet ( Fig. 1 ) was designed to apply 85 a smooth pressure on the skin over the vein for regulating the flow and reducing the shear rate into USA) at a frame rate of 26 per second. A computer platform interface (Fig. 2) , developed in Matlab, 105 allowed monitoring the blood flow velocity within the vein (Fig. 2D) , and the pressure applied by the 106 bracelet (Fig. 2E) . The blood flow velocity was computed using a particle image velocimetry (PIV) optimum signal-to-noise ratio.
114
During bracelet inflated pressure adjustment, the maximum blood velocity was monitored instead 115 of the mean shear rate for convenience purpose. Indeed, instead of computing the shear rate from 116 PIV data using the spatial derivative of the velocity field, which would require a real-time vessel wall 117 segmentation to determine the vein boundary, it was determined experimentally that a low residual 118 shear rate condition could be fulfilled if the maximum speed remained close to 1 mm/sec. This method 119 was suitable for most participants, even those with very small venous flow. For every measurement, 120 the bracelet pressure was gradually increased until the maximum blood velocity into the vein reached 121 1 mm/s (Fig. 2D) . When the optimum pressure allowing the targeted maximum speed was attained 122 (Fig. 2E) , one minute was allowed prior to RF ultrasound data acquisition to ensure a stabilized RBC 123 aggregation condition. Then, the bracelet pressure was released and one minute was left between every 124 repeated acquisition. 
Natural shear rate measurements
126
Natural shear rate measurements were made after controlled flow acquisitions; whenever applicable, computation of correlations with other parameters (see below).
Ex vivo assessment of RBC aggregation
158
A 4 mL blood sample was taken less than 2 hours before or after US examination for all participants.
159
Blood hematocrit was adjusted to 40% with autologous plasma and processed in an erythroaggre- and its 95% confidence interval were computed using R statistical software (version 3.2.5, R Founda- 
Results
183
This protocol required acquisition of 1000 ultrasound datasets (50 patients, two recording sites, two 184 flow conditions, five repetitive measurements). However, as given in Table 1 
Adjustment of the applied force to reduce the flow
193
The force applied by the pneumatic occluder to reduce the flow within the brachial vein of the 194 forearm was quite small at 1.5 ± 1.2 N ( Table 1) . Over the leg, the required force to adjust the flow 195 was slightly higher at 2.7 ± 1.9 N. Figure 4 reports the applied force on the forearm for every subject.
196
For a single participant, the required force was similar along the 5 measurements (mean intra-subject 1.8 ± 0.8 mm 1.9 ± 0.5 mm Diameter of the vein 1.5 ± 0.4 mm 1.4 ± 0.4 mm 1.8 ± 0.7 mm 1.6 ± 0.6 mm Fifty patients were scanned for at least 1 of the 4 measurement configurations. Values are mean ± standard deviation. Reported values are the force measured by the load cell at the stabilized flow shear rate. The maximum velocity was measured by PIV (with the bracelet) or power Doppler (at natural flow). The estimated shear rate was obtained using Equation 2 for every vein diameter and maximum blood velocity (see Appendix 1). The coefficient of variation of the estimated shear rate corresponds to the standard deviation to mean ratio. The deepness and diameter of the vein were measured from B-mode images. The maximum blood velocity target was fixed at 1 mm / s when the flow was controlled with the bracelet. . Applied force required to reduce the blood flow within the vein to the targeted maximal blood velocity of 1 mm/sec for 5 repeated ultrasound measurements on the forearm of every participant. Participants #28 and #43 had no data for this configuration. The color of data points corresponds to the order in which measurements were taken. There was no association between the calibrated force applied on the skin and the measurement order (p-value >0.05 among 5 measurements).
variability of 16% and 17% on the forearm and leg, respectively). Between participants, the mean applied and the acquisition order (p-value >0.05) for both forearm and leg (i.e., no memory effect). Table 2 , all individual measurements of D at low shear rate on the forearm are displayed in on the forearm at a low shear rate for every participant. Participants #28 and #43 had no data for this configuration. The color of data points corresponds to the order in which measurements were taken. There was no association between the aggregate diameter and the measurement order (p-value >0.05 among 5 measurements). 
Ex vivo S 10 versus SFSAE aggregation measurements
246
RBC aggregation measurements made on blood samples using the erythroaggregometer ranged from 247 14.2 to 28.9 (21.6 ± 3.6). Since S 10 and in vivo SFSAE parameters describe laser and ultrasound RBC 248 aggregate backscattering properties, respectively, it was interesting to explore the relation between 
Discussion
258
Several contributions were made in this study. A computer interface was designed to monitor acquired
259
RF data, to adjust the blood flow velocity to obtain the targeted low shear rate value, and to display in 
Adjustment of the force applied to reduce the blood flow
266
As seen in Fig. 4 The reliability of SFSAE parameters was tested using the intraclass correlation coefficient (ICC).
297
Results in Table 2 showed an overall good reliability for D and W. 
Relation between forearm and leg measurements 321
In the past, in vivo assessment of RBC aggregation with the ultrasound SFSAE method has been 322 conducted in diabetes mellitus patients with poor metabolic control (proof-of-concept study) [13] .
323
Ultrasound measurements were performed within the cephalic vein in the proximal portion of the 324 forearm and the saphenous vein in the distal portion of the leg. Hyper aggregation was detected in 325 diabetic patients within both forearm and foot veins but correlation between measurements at both sites
326
was not assessed in that study. Results in Table 2 showed very similar values of both SFSAE parameters values taken at two distinct sites were highly correlated.
333
The idea of a systemic measurement of erythrocyte aggregation was already proposed by Kitamura
334
& Kawasaki [9] . As far as we know, this study was the first to present a systemic quantitative mea-335 surement of RBC aggregation within a vein using ultrasound. However, their measurements remained 336 greatly influenced by the echogenicity of blood that was not assessed using the instrument independent 337 backscatter coefficient. The current SFSAE modeling was based on fitting the spectral content of the 338 backscatter coefficient. In the light of the present study, it is conceivable to provide to intensivists a 339 quantitative RBC aggregation measure that is related to systemic inflammation [1] . RBC aggregation 
Relation between natural and low shear rate measurements
348
The impact of the shear rate on erythrocyte aggregation has long been described level for all participants.
356
As reported in Fig. 6 and as expected, the aggregate diameter was larger at low shear rate (blue circle 357 dataset) than at natural shear rate (orange diamond dataset). In Fig. 7 , every participant, except the two 358 with data in the blue box discussed above, had an aggregate diameter close to twice bigger at low shear was close to 50 times lower (Table 1) for measurements with bracelet than without.
367
The coefficient of variation, defined as the standard deviation to mean ratio, allows comparing The median shear rate can be conveniently approximated when the maximum blood velocity is known. To better approximate the blunted velocity profile characteristic of a non-Newtonian fluid such as blood, the blood viscosity was measured in a low shear viscometer (ProRheo LS300, Althengstett, Germany) over a range of shear rates varying from 0.5 to 100 s -1 . The blood kinematic viscosity, μ, was then fitted by least squares to the classical power law of Ostwald-De Waele [22]
where γ is the shear rate, and a and b are approximating coefficients. Then, by considering the vein as cylindrical and the flow as steady, and by applying the Navier-Stokes equation, the shear rate at a specific radial position, r, was estimated using
where ∂ z P is the pressure partial derivative with respect to depth, defined as
In Equation 3, Q corresponds to the volumetric blood flow, defined as a function of the maximum flow speed, v max , occurring at the central axis of vein, as
We used porcine blood experiments to approximate coefficients a and b: a = 17.52 ± 4.88 and 531 b = -0.33 ± 0.07. This was justified by the fact that porcine RBC aggregation is close to that of normal 532 human blood [33] . Using Equation 2 and establishing a shear rate threshold at 3 s -1 , we could verify 533 in Fig. 9 that all median shear rates for reported antebrachial experiments were below that threshold.
534
The targeted region corresponds to the red trapezoid in Fig. 9 where the y-axis indicates the measured 535 vein radius and the x-axis is the maximum velocity. A plot similar to Fig. 9 was used for tibial mea- 
